We have investigated the effect of Ge-substitution to the magnetic ordering in the B20 itinerant chiral magnet MnSi prepared by melting and annealing under ambient pressure. From metallurgical survey, the solubility limit of Ge was found to be x = 0.144(5) with annealing temperature Tan = 1073 K. Magnetization measurements on MnSi1−xGex samples show that the helical ordering temperature Tc increases rapidly in the low-x range, whereas it becomes saturated at higher concentration x > 0.1. The Ge substitution also increases both the saturation magnetization Ms and the critical field to the fully polarized state Hc2. In contrast to the saturation behavior of Tc, those parameters increase linearly up to the highest Ge concentration investigated. In the temperature-magnetic field phase diagram, we found enlargement of the skyrmion phase region for large x samples. We, furthermore, observed the non-linear behavior of helical modulation vector k as a function of Ge concentration, which can be described qualitatively using the mean field approximation.
I. INTRODUCTION
The B20 chiral compound MnSi has attracted continuous interest for decades [1] [2] [3] [4] [5] [6] . MnSi has a cubic chiral crystal structure with the noncentrosymmetric space group P 2 1 3. Due to the lack of inversion symmetry at the center of the magnetic Mn-Mn bond, the antisymmetric spin-spin interaction, called Dzyalonshinskii-Moriya (DM) interaction, becomes active. This antisymmetric interaction introduces long-period modulation to the otherwise collinear ferromagnetic structure stabilized by the dominant ferromagnetic interaction. The resulting longperiod helically modulated structure is established below T c ≃ 30 K under zero external magnetic field [7] . The modulation has 180Å periodicity, propagating along the [111] crystallographic axis [8] . Recently, intriguing magnetic-skyrmion phase was found in MnSi under finite external field (∼ 2000 Oe) close to T c [9] . The magnetic skyrmion is the swirling spin texture characterized by a topologically nontrivial skyrmion number. Because of the topologically protected nature of skyrmions, scrutiny on this itinerant chiral magnet has been drastically accelerated recently. At higher magnetic field (H > 5500 Oe), a further transition takes place to the trivial fully polarized (induced ferromagnetic) phase.
One of interesting features in MnSi is that the helical ordering temperature T c can be tuned by introducing chemical substitution of either Mn or Si site with the elements with different atomic radius and/or electron concentration. Attempts to change the helical ordering temperature of MnSi by chemical substitution of Mn by Fe or Co have resulted in a decrease of the helical ordering temperature [10] [11] [12] . Note that the Fe or Co substitution introduces both the positive chemical pressure and electron doping simultaneously. Under negative chemical pressure introduced by the isovalent substitution of * senji77@dc.tohoku.ac.jp Si with Ge, increasing helical ordering temperature has also been reported in several experiments, however in a contradicting way: In Ref. [13] , slight increase of T c (less than 3 K) was reported for MnSi with 10% Si substituted by Ge. In contrast, the other experiment shows that the helical ordering temperature can reach 39 K by replacing only 1% Si with Ge [14] . Quite recently, there appears a report on magnetic properties of MnSi 1−x Ge x in a wide x range 0 ≤ x ≤ 1, using high-pressure synthesis [15] . As this work focuses on the topological transitions in the wide x-range, there are only one or two data points in x < 0.2, and hence it is still unclear how magnetic properties vary in the low-x range.
In the present work, we undertook the detailed investigation on the effect of the Ge-substitution to the magnetic ordering in MnSi in the low x-range (x < 0.15). We have performed metallurgical survey for the MnSi 1−x Ge x alloys with different nominal Ge concentrations and annealing temperatures, in order to clarify solubility limit of Ge in MnSi for ambient pressure synthesis. Utilizing the metallurgical information, we have successfully prepared polycrystalline samples of various Ge concentrations up to x ∼ 0.15. The magnetic properties of MnSi 1−x Ge x alloys have been investigated as a function of the Ge-concentration x. The helical ordering temperature T c increases rapidly in the low-x range (x < 0.1), whereas it becomes saturated for x > 0.1. In contrast, the magnetization measurements at the base temperature show the saturation magnetization and the critical field to the fully polarized state linearly increases up to the highest x achievable in the present study. Detailed temperature-magnetic field phase diagram study shows that the skyrmion-phase region in the phase diagram becomes larger for large x suggesting larger spin fluctuation; the temperature width of the skyrmion phase region becomes ∆T ∼ 7 K, much larger than that in the pure MnSi (∆T ∼ 2 K). Spin-wave stiffness A (or exchange interaction J) and Dzyaloshinskii-Moriya interaction D were estimated using magnetization measurement with the aid of mean-field approximation [16, 17] . The neutron powder diffraction was also performed for selected samples, and shows that the helical modulation vector k has a non-linear behavior. This behavior can be described qualitatively using the mean field approximation.
II. EXPERIMENTAL DETAILS
The polycrystalline alloy samples of MnSi 1−x Ge x were prepared by using the arc melting method with high purity elements (Mn: 99.99%; Si : 99.999%; Ge : 99.999%) under titanium-gettered argon atmosphere. The samples were re-melted several times to improve the homogeneity. Some samples with high Ge-substitution (with nominal concentrations x 0 > 0.1) were prepared from arc-melted MnSi and MnGe ingots using an induction furnace to obtain better homogeneity. For the heat treatment or annealing, the samples were put in the Al 2 O 3 crucible, and then sealed in the quartz tube under inert argon gas atmosphere. The annealing was performed using electric furnaces; after ramping to the top temperature (either 1373, 1273, 1173, or 1073 K) with rate ∼ 100 K/h, the samples were annealed for 5 days. The samples were then quenched into water. For neutron diffraction experiment, three representative samples were used with initial concentrations x 0 = 0.05 and 0.1 annealed at T = 1273 K for 5 days, and x 0 = 0.2 annealed at T = 1123 K for 55 hours.
X-Ray powder diffraction (XRD) was used to identify phases in the obtained polycrystalline samples (Rigaku RINT 2200 with Cu Kα radiation, 40 kV × 30 mA). XRD confirms that the main phase of obtained polycrystalline sample is the expected B20-type structure. The peak position assignment was performed using the Le-Bail method (Fullprof software, Ref [18] ); from the obtained peak positions for the 2θ range 10 • ≤ 2θ ≤ 80 • , the lattice constant a of the Mn(Si,Ge) was estimated using weighted least square method. The microstructure of obtained polycrystalline alloys was checked by taking the backscattered electron (BSE) images using the scanning electron microscope (SEM; Hitachi SU6600). The incident electron energy was 15 keV. The elemental compositions of the samples were investigated by performing energy dispersive X-ray (EDX) analysis.
Magnetization measurements were performed in the temperature range 5 ≤ T ≤ 300 K and in an external magnetic field up to 1 T using a superconductingquantum interference-device (SQUID) magnetometer (Quantum Design MPMS-XL5). Temperature scans with fixed external field, as well as field scans with fixed temperature were performed depending on the shape of phase boundary in the temperature-field phase diagram.
Neutron diffraction experiment was performed using the cold-neutron triple-axis spectrometer (CTAX) in triple-axis mode, installed at High-Flux Isotope Reactor, Oak Ridge National Laboratory. To observe low-q (longwavelength modulation) magnetic peaks, the tight collimations 20'-20' before and after the sample were used.
The neutron energy of E = 3.25 meV was selected using the PG 002 reflections as monochromator and analyzer. Cooled Be-filter was employed to eliminate the higher harmonic neutrons. The powder samples were sealed in an Al sample can with the 4 He exchange gas, and the sample can was inserted in the 4 He vertical-field superconducting cryomagnet.
III. EXPERIMENTAL RESULTS
A. Metallurgical survey of solubility limit First, we investigate the solubility limit of Ge in MnSi 1−x Ge x following Ref. [13] . The samples with nominal Ge-concentration up to x 0 = 0.15 were kept in the electrical furnace at annealing temperature T an = 1273 K for 5 days. The annealed samples were checked by taking BSE images as well as EDX analyses, and the obtained Ge compositions were plotted as a function of the nominal composition in Fig. 1 (a) (see filled circle). We found that the solubility limit of Ge at T an = 1273 K is only around ∼ 0.07, which is less than that given in Ref. [13] .
To check if the higher solubility limit of Ge can be achieved, we performed further metallurgical survey. This metallurgical survey was carried out by fixing the nominal Ge-concentration x 0 = 0.15 and changing the annealing temperature T an from 1373 to 1073 K. The XRD patterns for the samples with the different annealing temperature are shown in Fig. 1(c) . Most of the peaks are indexed with those of the B20 structure. The magnified plot for the selected 2θ range 42.5 • ≤ 2θ ≤ 46 • is also shown in Fig. 1(d) . Weak impurity peaks were observed and attributed to the remaining elemental Gephase and the other impurity Mn 11 Ge 8 . It can be seen clearly that the 210 peak appearing at 2θ ∼ 44.3 • is shifted to the lower angle as the annealing temperature is decreased from 1373 to 1073 K indicating longer lattice constant. Concomitantly, the elemental Ge-phase and Mn 11 Ge 8 impurity become weaker. It should be noted that Ge has a greater atomic radius than Si. Hence, the increasing behavior of the lattice constant, as well as the decreasing behavior of the Ge-and Mn 11 Ge 8 impurity peaks, suggests higher Ge concentration in the main MnSi 1−x Ge x phase annealed at the lower temperature. Figures 2(a) and 2(b) show representative BSE images obtained for annealing temperature T an = 1273 and 1073 K, respectively. We can see that the sample with T an = 1073 K has less impurity, indicating that the sample consists of predominant Mn(Si,Ge) phase with small inclusion of impurity Ge. This result, i.e. the larger solubility range at lower annealing temperature, is somewhat surprising, since the solubility range generally increases at higher temperature due to the entropic effect.
The Ge-concentrations determined by the EDX analyis of all the low-temperature annealed samples are also shown in Fig. 1(a) . The solubility limit of Ge is found to be x = 0.144(5) with annealing temperature T an = 1073 K. Figure 3 shows the XRD peak profile of the 210 reflection measured on the samples with different nominal Ge concentrations (x 0 = 0.15 and 0.2), as well as different annealing time (5 and 20 days). The peak positions are mostly the same for all the preparation conditions. Hence, it can be concluded that the higher nominal concentration (x 0 = 0.20) and longer annealing time at T = 1073 K do not change significantly the solubility limit of Ge. For x 0 = 0.20, the Ge concentrations are fluctuating around ∼ 0.15 with bad homogeneity and large volume fraction of the impurity phase.
The lattice constants of the obtained samples are plotted as a function of the Ge-concentration determined by the EDX analysis in Fig. 1(b) . The lattice constant increases linearly as a function of Ge-concentration indicating that the Vegard's law holds for Mn(Si,Ge) system in this composition range. In what follows, we use the EDX-determined Ge concentration x, and do not use nominal Ge concentration anymore. 
B. Ge-concentration dependence of bulk magnetic properties
Temperature dependence of the magnetization (M -T curve) was measured using the same MnSi 1−x Ge x samples prepared and characterized as above. The magne- tization was measured under the external magnetic field H = 100 Oe in the temperature range of 10 ≤ T ≤ 80 K. The representative result for the x = 0.105 (7) sample is shown in Fig. 4(a) . As can be clearly seen in the figure, the transition temperature derived from dM/dT is T c = 42.3 K, which is considerably higher than that of the MnSi (T c = 29.5 K). The Ge-concentration dependence of T c , determined similarly for all the samples with different concentrations, is plotted in Fig. 4 (b) . It is shown that the helical ordering temperature T c increases rapidly at the low concentration x < 0.1 and becomes saturated at the high concentration range x > 0.1. Next, we investigated magnetic field dependence of the magnetization (M -H curve) at fixed temperatures. For this measurement, we need to carefully consider the sample shape since the magnetic property such as critical field is sensitive to the sample shape due to the demagnetizing field effect [6] . Shape of the samples used in the magnetization measurement can be reasonably assumed as rectangular parallelepiped with a small size fluctuation from sample to sample. The size distribution for the width (w), length (l) and thickness (t) is 1.8 ≤ w ≤ 3.1 mm (average 2.5 mm), 3.2 ≤ l ≤ 4.8 mm (average 3.75 mm), and 0.4 ≤ t ≤ 0.8 mm (average 0.6 mm), respectively. We set the shorter axis (thickness direction) perpendicular to the magnetic field to minimize the demagnetization effect. The demagnetizing factor D ext for the rectangular parallelepiped samples under the external field can be estimated numerically following Ref. [19] . The correction factor which relates the applied external field to true internal magnetic field as H int = f H ext can be obtained as f = (1 − D ext χ ext con ), where χ ext con stands for the conical susceptibility defined as M = χ ext con H ext [20] , estimated at H ext = 3.5 kOe. The smallest correction factor was obtained as f min = 0.953 for the sample with w = 2.9, l = 3.7, and t = 0.8 mm, whereas the largest one as f max = 0.975 for w = 3.1, l = 4.8, and t = 0.4 mm. Since even for the two extreme cases the variation is sufficiently small as only 2.2 %, we ignore the demagnetization field effect in the following, and show the uncorrected data.
Representative M -H and dM/dH curves obtained at T = 5 K for x = 0.105 (7) are shown in Fig. 5(a) . The M -H curve shows monotonic increase for increasing H with clear saturation at high field. By linearly extrapolating the H-dependence of the magnetization in the higher H range (H > 8000 Oe) to H → 0, we estimated the size of the saturation moment M s for the sample as 0.4028(1) µ B [the value in the parentheses is an uncertainty range (one sigma) obtained in the fitting]. From dM/dH curve, we estimate the critical field to the fully polarized state H c2 as 7360 Oe. The saturation moment M s and critical field H c2 for all the samples are estimated in similar manner and plotted in Fig. 5(b) . The saturation moment per Mn ion shows linear increase as Ge-concentrations increases. The increase of saturation moment M s is a typical behavior for the effect of negative chemical pressure as it also can be found in Al-or Ga-substituted MnSi [21] . However, Al-or Ga-substitution tends to decrease the critical field to the fully polarized state H c2 in stark contrast to Ge-substitution. As shown in Fig. 5(b) , Ge-substitution increases the critical field H c2 .
Temperature-field phase diagrams for selected samples were investigated using the various M -T and M - Fig. 6(c) . From the phase diagram, one can see that the effect of the Ge-substitution is not only the change of the helical ordering temperature T c but also enlargement of the skyrmion phase region. Typically, for MnSi, the temperature width of the skyrmion-phase region is about 2 ∼ 3 K as reported in earlier works [9, 14] . In contrast, the width of the skyrmion-phase region increases in Ge-substituted MnSi, and is about 7 K for x = 0.144 (5) . The widths of skyrmion phase for the four representative samples with the estimated Ge-concentrations x = 0, 0.061(4), 0.105 (7) , and 0.144 (5) , are plotted in Fig. 6(d) . The skyrmion width seemingly behaves like critical temperature T c showing the saturation at high concentration.
C. Neutron diffraction
Finally, the neutron diffraction experiments were performed for the three representative samples with the estimated Ge-concentrations x = 0.06, 0.07, and 0.15. The low-Q diffraction patterns for the three samples are shown in Fig. 7 . There appears significantly increasing background for Q → 0 due to the contamination from the direct beam. Nevertheless, it is clearly seen that in all the samples, the magnetic Bragg peak develops at low temperatures. By fitting each patterns to the Gaussian function together with the background slope estimated from the high-temperature paramagnetic data, the intensity and position of the helical Bragg peak were estimated as a function of the temperature. The temperature dependence of the peak intensity is shown in Fig. 7(d) . The constant temperature background, estimated from the high-temperature paramagnetic contribution, was removed. The transition temperature was estimated for each sample, by fitting to the empirical power law func- tion I(T ) ∝ I 0 (T c − T ) 2β , and is also shown in Fig. 4(b) . The transition temperature decreases for x → 0, in good agreement with the macroscopic measurement. Shown in the Fig. 8 is Ge concentration dependence of the resulting modulation vector estimated from the peak position at T = 30 K. Although the uncertainly is quite large due to the large contaminating background, it may be seen that the modulation vector stays almost unchanged up to x = 0.08 and then starts to increase for larger x.
IV. DISCUSSION
In the present study, we have performed extensive metallurgical survey and found that the Si can be substituted by Ge up to x = 0.144(5) using ambient pressure synthesis technique. The resulting high quality polycrystalline samples were used in the detailed bulk magnetic measurement, as well as neutron diffraction. In the present work, the clear Ge-concentration dependence of helical ordering temperature T c is obtained up to x ∼ 0.15. T c increases rapidly at small x, and becomes saturated at the high concentration range x > 0.1. The Ge-substitution also increases both the saturation moment per Mn ion (M s ) and the critical field to the polarized state (H c2 ), but linearly. The increase of M s is a typical behavior for the effect of negative chemical pressure as it can be also found in Al-or Ga-substituted MnSi [21] . However, Al-or Ga-substitution tends to decrease H c2 .
First, we discuss the implication of these bulk parameters using the well established model. A simplified model Hamiltonian for MnSi may be written as [16, 23] :
Here, the total spin of the unit cell is denoted by S, and is used as a magnetic entity. Note that since there are four magnetic ions per unit cell, S is related to the cell saturation magnetization M s = gµ B S, where g ≃ 2 and µ B > 0 are the g factor and Bohr magneton, respectively. For example, the saturation magnetic moment per spin for x = 0.144(5) sample is 0.434 µ B , and hence the unitcell spin is S = 0.217 × 4 = 0.87. The sum over i is taken over all the total spins of unit cells, while the sum over j is taken over six neighboring unit cell spins. The first, second, and the last term stand for the exchange interaction (exchange parameter: J), Dzyaloshinskii-Moriya (DM) interaction (DM parameter: D, DM vector is assumed to be parallel to the helical propagation vector), and Zeeman energy (h = gµ B H ext , where H ext is the external field). By using the classical ground-state energy calculation as described in Ref. [16] , the helical order- ing modulation vector k and the critical field to the fully polarized state H c2 are given as:
where A = JSa 2 is so called the spin-wave stiffness parameter and a is the lattice constant. In addition, in the mean field approximation by considering the Heisenberg-exchange and DM interaction, the critical temperature T c is written as [17] :
since D ≪ J for MnSi and the second term is already O ( D J ) 2 , then we ignored the higher order term. Thus, the equation (4) can be simplified in terms of spin-wave stiffness A as follows:
In the mean field approximation, γ = z(S + 1)/3, with z being the coordination number (for cubic crystal z = 6).
It is, however, well known that the mean-field theory considerably overestimates T c by ignoring spin fluctuations, which are known to be significant in MnSi [26] . Indeed, in the earlier work, it was found that T c is well scaled by A with γ ∼ 1 for Mn 1−x Fe x Si [10] . Therefore, we also assume γ ∼ 1 for MnSi 1−x Ge x in the following. The estimation of spin-wave stiffness as a function of Ge-concentration is shown in Fig. 9 . The spin-wave stiffness A increases in the low x range, while it becomes saturated at high Ge-concentration. This behavior is in stark contrast to that in Mn 1−x Fe x Si where A decreases monotonically [10] . To confirm the increasing behavior of spin-wave stiffness A of Ge-doped MnSi in particular, the saturation at x > 0.1, inelastic neutron experiment for MnSi 1−x Ge x is necessary in the future.
From Eq. 2 and 3, as well as A obtained above, we estimate the exchange interaction JS, DM interaction DS, and the helical modulation vector k. The Geconcentration dependence of the exchange and DM interactions are plotted in Fig. 10 . JS shows saturation behavior, whereas DS increases linearly, reflecting the xdependence of T c , and M s or H c2 , respectively. The estimated helical modulation vector k as a function of the Ge-concentration is plotted in Fig. 8 . First, we note that the estimated k = 0.0352(4)Å −1 at T = 5 K in the above is in good agreement with the reported k obtained in the neutron diffraction at T = 4.2 K [8] . This suggests the validity of the modulation vector estimated in the mean field approximation. In the presence of Ge-substitution, the estimated modulation vector decreases in the beginning then starts to increase at higher x. Our neutron measurement was done at T = 30 K due to technical issue and hence we cannot directly compare the neutron results to the estimated k. Nonetheless, one may note that the x-dependence of the neutron observed k is qualitatively consistent with the estimation; it shows slightly decreasing behavior in the low x range, and then starts to increase at higher x. It is, however, noted that the increase of k at higher x may be weaker in the mean field estimation than the neutron observation. This indicates that there should be an intrinsic-enhancement of spin fluctuations which are in principle ignored in the mean field approximation. It should be noted that for large x the width of skyrmionphase region becomes larger as shown in Fig. 6(d) . Since it is the fluctuation effect beyond the mean field level that stabilizes skyrmion phase, the large spin fluctuation is also suggested from this observation. Another possibility may be the enhanced long range RKKY interaction as inferred in the Ref. [15] . Since this interaction can control k vector independently from the DM interaction, this can certainly explain the stronger increase of k at large x if properly introduced. From the present experimental data we cannot conclude which (or both) is the origin of the increasing behavior of the modulation vector k. Further study, in particular, theoretical calculation, is necessary to elucidate this issue.
V. CONCLUSIONS
MnSi 1−x Ge x polycrystalline samples were successfully synthesized. The solubility limit of Ge under ambient pressure is found as x = 0.144(5) with the annealing temperature T an = 1073 K. The lattice constant linearly increases with the Ge-substitution in accordance with Vegard's law. We extracted various magnetic parameters including M s , T c , and H c2 from the bulk magnetic measurements and are able to estimate the helical modulation vector k at T = 5 K. The estimated helical modulation vector decreases in the low x-range, and then starts to increase at higher x, which is qualitatively consistent with the observed k at T = 30 K in the present neutron diffraction. The width of the skyrmion phase region shows increasing behavior for large x, suggesting increased spin fluctuation as x becomes large.
